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Abstract: Previous studies documented that most desert plants can be colonized by arbuscular mycorrhizal (AM)
fungi, however, little is known about how the dynamics of AM fungi are related to ephemerals in desert ecosystems.
The dynamics of AM fungi with desert ephemerals were examined to determine the effects of host plant life stages
on the development of AM fungi. Mean colonization of ephemeral annual plants was 45% lower than that of
ephemeral perennial plants. The colonizations were much higher in the early part of the growing season than in
later parts, peaking at flowering times. The phenology of AM fungi in root systems varied among different ephemerals. The density of AM fungal spores increased with the development of ephemeral annual plants, reached its
maximum at flowering times, and then plateaued about 20 days after the aboveground senescence. A significant
positive correlation was found between AM fungi spore density and biomass of ephemeral annual plants. The life
cycles of AM fungi associated with desert ephemerals were very short, being about 60–70 days. Soil temperature
and water content had no direct influence on the development of AM fungal spores. We concluded that the development of AM fungi was in response to desert ephemeral phenology and life history strategy.
Keywords: arbuscular mycorrhizal fungi; Gurbantunggut Desert; ephemeral annual plants; ephemeral perennial plants;
dynamics; phenology; mycorrhizal colonization; spore density

Arbuscular mycorrhizal (AM) fungi are important
components of virtually all terrestrial ecosystems and
are especially critical in improving plant nutrient and
water uptake under arid conditions (Allen, 1989; 2007;
2011). In some extreme environments, some plants
can not survive without AM fungi (Pennisi, 2004). AM
fungi also enhance plant competitive ability and determine community structure and ecosystem stability
(van der Heijden et al., 1998; O'Connor et al., 2002;
Hart et al., 2003). Despite the key role of AM in plant
growth and ecosystem stabilization, the strategy of
AM fungi in terms of survival and development in
wildland ecosystems is not well understood.
A number of studies have demonstrated that host
plant species can affect the community composition
and diversity of AM fungi (Johnson et al., 2004;
Hausmann, 2009). Allen et al. (1984) first reported

shifting phenology between C3 and C4 coexistence
species. It has been reported that divergent phenologies may facilitate the coexistence of AM fungi in a
North Carolina grassland (Pringle and Bever, 2002).
Other researchers reported that soil type, tillage, fertility, pH and rainfall can influence the AM fungi diversity and density (Hayman, 1982; Douds et al., 1995;
Clark, 1997; Gaidashova et al., 2010; Oehl et al.,
2010). However, how AM fungi respond to environmental stress and life-history strategies of host plant is
not clear.
AM fungi are considered to be critical for the survival of plants in arid environments (Allen and Allen,
1988; Berliner et al., 1989; Cui and Nobel, 1992; Titus
et al., 2002). Early studies found that most ephemeral
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plants formed AM in Gurbantunggut Desert (Shi et al.,
2006; Tian et al., 2006), and that mycorrhizae can improve growth, promote P uptake，advance the flowering times and increase seed production of ephemerals Erodium oxyrrhynchum and Plantago minuta (Sun
et al., 2008). AM fungi are obligate biotrophs whose
development depends on mutualistic association with
host plant roots. AM fungi spores complete a life span
(from spore germination to new mature sporulation) in
about 100–120 days in pot culture (http:// invam.caf.
wvu). But life spans of ephemeral plants are only
about 2 months in Gurbantunggut Desert (Wang,
1993), and whether AM fungal spores can complete
their life cycles in such a short period of time is not
clear. Furthermore, the annual precipitation in Gurbantunggut Desert is 70–150 mm, while annual
evaporation is more than 2,000 mm. The effects of
these extreme environmental factors on development
of AM fungi are not well understood. A better understanding of the growth and development of AM fungi
and plants in field would help us to understand the
adaptation strategy of AM fungi to environmental
stress.
We hypothesized that the development and phenology of ephemerals can determine the growth of AM
fungi. Specifically, AM fungi spores can complete
their life cycles for long term coevolution with
ephemeral plants.

1
1.1

Materials and methods
Study area

Gurbantunggut Desert, a fixed and semi-fixed desert,
is located at the hinterland of the Junggar Basin
(34°09′–49°08′N, 73°25′–96°24′E) in Xinjiang, northwestern China. The annual accumulated temperature
varies between 3,000ºC and 3,500ºC. And the annual
precipitation is 70–150 mm with a mean of 143 mm,
which mainly distributes in spring and autumn. During
winter, the desert is usually covered by snow in more
than 20 cm thickness. The annual evaporation in this
region is more than 2,000 mm (Wang et al., 2003).
Soil moisture content in the topsoil (30 cm) is 2% to
5% in April and only 0.8% to 1.2% in May (Wang et
al., 2004). Haloxylon persicum which grows on dunes
is a constitutive species in the desert community.
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Ephedra distachya, a small shrub, distributes in interdune lands. Annual herbs are distributed understory of
shrubs. In spring, ephemeral plants are dominant in the
community.
The ‘ephemerals’ we used here include both annual
and perennial species，which have a short growing
season. Most ephemeral annual plants complete
growth and reproduction in about 2 months from early
spring (late March) to early summer (late May). As to
ephemeral perennial plants, the aboveground parts
usually senesce at the end of the growing season while
the belowground structures (bulbs, corms, or tubers)
enter a period of dormancy until the next sprouting.
The ephemerals are an important part of plant community in Gurbantunggut Desert. In early spring, the
ephemerals can form synusia, and the mean cover of
ephemerals can reach 40.2% in May, with a mean
plant height of 10–20 cm (Zhang and Chen, 2002;
Wang et al., 2003). Ephemeral plants play a key role
in sand dune stabilization (Wang et al., 2003). Besides,
the ephemerals are important pasture and supply much
fodder for livestock in early spring (Zhang, 2002).
1.2 Collection of soil and plant samples
Four important ephemeral plant species were investigated in our experiment, including two ephemeral annual plants Erodium oxyrrhynchum and Trigonella
arcuata, two ephemeral perennial plants Gagea sacculifera and Ixiolirion tataricum. To test whether AM
fungi can transfer host from ephemeral annual plants
to perennial plants after ephemerals finish their lives,
one perennial plant Artemisia songarica which grew
nearby E. oxyrrhynchum and T. arcuata was selected.
The topsoil of ca. 1–2 cm was removed, and soil and
plant samples were collected. Care was taken during
the collection of individual plants so that roots could
be positively identified as belonging to a particular
plant. The entire plants were dug out by trowel to ensure that the roots remained connected to the shoots
after sample collection. The samples were taken to the
laboratory for determination of AM root colonization.
Soil samples (ca. 1,000 g) associated with the plants
removed were collected. The soil samples were
air-dried before extraction, counting and identification
of AM fungal spores. Soil water content, temperature
and precipitation were recorded (Table 1).
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1.3 Assessment of AM colonization

density was counted (Shi et al., 2006).

Fresh roots (ca. 0.2 g) were washed free of soil and
cleared in 10% (w/v) KOH at 90°C in a water bath for
20–30 min. The root subsamples were cooled, washed,
and cut into 0.5 to 1.0-cm-long segments and stained
with trypan blue according to the methods reviewed
by Brundrett (2009). The mycorrhizal colonization in
root system was estimated using the method of Trouvelot et al. (1986). Presence or absence of mycorrhiza
(F%), intensity of mycorrhizal colonization (m%),
arbuscule abundance (A%) and vesicle abundance
(V%) in the root system were recorded.

1.5

Table 1 Environmental factors in experimental site at different times
Atmosphere Soil temperature
Relative Soil water content
Date
temperature
humidity (%) (%, 0–20 cm)
(Day/Month)
–
20
cm)
(ºC,
0
(ºC)
23/3
5.40
6.19
74.00
5.23

1.4
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Observation of plant grow status

Phenological status of these plants was recorded every
week. The total numbers of leaves were counted every
week. Shoots and roots were separated after harvesting
and oven dried (70°C for 48 h) prior to recording dry
weights.
1.6 Statistical analysis
All data were analyzed using SPSS software version
16.0. Data for percentage of root length colonized by
the AM fungi were arcsin-transformed and spore density counts were square root-transformed for statistical
analysis so as not to violate ANOVA assumptions.

2 Results

30/3

13.89

12.47

33.00

4.11

2.1 Plant development

5/4

13.65

14.17

35.63

2.75

10/4

15.65

16.55

44.92

4.50

12/4

17.07

17.87

40.21

1.63

18/4

10.23

13.48

75.54

3.61

19/4

9.74

12.36

71.54

0.68

24/4

16.59

17.71

55.04

2.17

26/4

18.39

19.17

30.29

0.32

By observing the growth status of these ephemeral
plants, we found that the leaf numbers of these plants
increased gradually at early times (Fig. 1), and then
decreased when the plant entered flowering times and
reproductive stage. But the aboveground biomass of
plants always increased from germination to harvest
time. Phenological phases of these plants were different. The florescence of ephemeral perennial plants G.
sacculifera and I. tataricum was 30 days earlier than
that of E. oxyrrhynchum and T. arcuata. I. tataricum
and G. sacculifera entered flowering times at March
30 and April 12, respectively, and E. oxyrrhynchum
and T. arcuata entered flowering at May 9 (Table 2).

2/5

18.13

20.24

42.33

4.79

9/5

13.21

17.20

35.96

4.39

15/5

21.60

24.57

37.08

2.82

16/5

20.00

23.24

37.63

2.82

22/5

17.66

21.16

55.46

1.13

1/6

23.35

27.31

39.38

1.06

Extraction and counting of AM fungal spores

Spores or sporocarps were extracted from 20-ml
air-dried subsamples of each soil sample in triplicate
by wet sieving followed by flotation–centrifugation in
50% sucrose. The finest sieve used was 53 μm in aperture. The spores were collected on a grid patterned
(4 mm×4 mm) filter paper, washed three times with
distilled water to spread them evenly over the entire
grid, and counted using a dissecting microscope at ×30
magnification. A sporocarp was counted as one spore.
The number of spores is expressed as the mean ±
standard error of three replicates. For observation and
identification of spore characters, spores were mounted
on glass slides in polyvinyl alcohol-lactoglycerol
(PVLG) and PVLG + Melzer’s reagent and then spore

2.2 Mycorrhizal colonization
All plants observed were colonized by AM fungi but
the degree of colonization varied among plant species
(Fig. 2). The percentage of root length colonized varied from 7% to 85% and the mean colonization was
42%. The colonization of E. oxyrrhynchum was much
lower than that of other ephemerals and the average
colonization was only 18%. The degree of colonization in I. tataricum was highest which was up to 57%.
Comparing the degree of colonization from germination to harvest time, we found the mycorrhizal colonization all increased at early times and reached highest
at flowering times, and then decreased gradually. The
abundance of arbuscule and vesicle varied in the root
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Fig. 1 The dynamics of leaf number and shoot biomass of ephemeral plants. (a) Gagea sacculifera, (b) Ixiolirion tataricum, (c) Erodium
oxyrrhynchum, (d) Trigonella arcuata. Different lowercase letters on the line indicate significant differences at P<0.05 among different
times. Different capital letters marked on the gray bars indicate significant differences of shoot biomass among different times at P<0.05.
Table 2 Phenological dates of the four ephemerals germinated
in spring
Species

Seedling
stage

Bud stage

Florescence

FructesWithered
cence

(Day/Month)
G. sacculifera

19/3

27/3

29/3

12/4

9/5

I. tataricum

23/3

12/4

19/4

26/4

22/5

E. oxyrrhynchum

3/4

24/4

9/5

17/5

27/5

T. arcuata

3/4

22/4

9/5

22/5

31/5

systems of these ephemerals. Vesicle abundances in
the root systems of I. tataricum and E. oxyrrhynchum
were much lower than that of G. sacculifera and T.
arcuata. Arbuscule abundance in the root systems of I.
tataricum and E. oxyrrhynchum were much higher
than that of G. sacculifera.
2.3 Dynamics of AM fungi spore density
The spore density varied among different species from
19 to 203 per 20 g soil, with a mean of 86. Significant
differences were observed among soils collected from
different plant species. The mean spore densities of
AM fungi in soil, associated with ephemeral perennial
plants I. tataricum (up to 147) and G. sacculifera (up
to 149) (Fig. 3a and 3b) were much higher than those
with ephemeral annual plants E. oxyrrhynchum and T.

arcuata. The average spore densities of AM fungi in
the rhizosphere soil of E. oxyrrhynchum and T. arcuata were 27 and 26, respectively (Fig. 3c, 3d). As to
AM fungi associated with the ephemeral annual plants
E. oxyrrhynchum and T. arcuata, the spore density
increased gradually at vegetative stages and maxima
appeared at flowering times on May 9, and then declined. But the spore density of AM fungi in the soil
associated with roots of I. tataricum remained a high
level and, in some cases, increased (up to 140) after
the aboveground parts completed their life cycles. The
spore density of AM fungi associated with A. songarica did not decline after the plant died, but increased
(Fig. 3e). Among ephemeral annual plants and
ephemeral perennial plants, no significant correlations
were found between their soil water content, temperature and AM fungi spore density, whereas significant
differences were observed between their shoot biomass and atmosphere temperature and soil temperature
(Table 3).

3 Discussion
Ephemeral plants are important floral elements widely
distributed in all arid regions. These ephemerals play a
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key role in reducing the degree of desertification and
stabilizing soils as most ephemeral plants can grow
well in very arid, infertile, and windy environments.
Previous studies have focused on the distribution, biological characteristics, and ecological functions of
spring ephemerals (Mao and Zhang, 1994; Zhang and
Chen, 2002; Wang et al., 2003; Qian et al., 2007).
Many studies found desert herbaceous plants can be
colonized by AM fungi (O'Connor et al., 2001; Shi et
al., 2006). In the present study, all of these ephemeral
plants were colonized by AM fungi. Hypha, arbuscule
and vesicle were all observed in the root systems of
ephemeral plants. The presence of vesicles and arbuscules in roots of different ephemerals was different,
which was consistent with former results reported by
Allen et al. (1984).
The survival and reproduction of organisms is a
critical research topic. A better understanding of the
organism’s reproduction and succession pattern is essential to biodiversity conservation. AM fungi im-
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prove water and nutrition uptake (van der Heijden et
al., 2006; Allen, 2007; 2011) and play a key role in
plant survival and community stability of vegetation in
natural ecosystems (Hartnett and Wilson, 1999; van
der Heijden, 2004). Although AM fungi are important
to plants, they are obligate biotrophs, whose growth
depends on host plant for the supply of carbohydrate.
The development of AM fungi is controlled by host
plant species (Johnson et al., 1992; Trepanier et al.,
2005; Heinemeyer et al., 2006). Some results reported
that the colonization of ephemeral annual plants was
lower than that of co-occurring perennials (Collier et
al., 2003; Shi et al., 2006). Allen (2001) reported that
mycorrhizal infection is related to the production of
new root tips, the penetration of such new roots, the
lifespan of the fungus within the root, and the lifespan
of the root itself. Rillig et al. (1998) reported that infection intensity of mycorrhizae may also change in
response to many other treatments and environmental
variables. In our current results, the mycorrhizal colo-

Fig. 2 Mean colonization in root system of ephemeral plants at different times. (a) G. sacculifera, (b) I. tataricum, (c) E. oxyrrhynchum,
(d) T. arcuata. F% indicates frequency of mycorrhizae in root system; A% arbuscule abundance in root system; V%, vesicle abundance in
root system; and m%, intensity of mycorrhizal colonization in root system.
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Fig. 3 Dynamics of spore density in rhizosphere soil of ephemeral plants and perennial plants. (a) G. sacculifera, (b) I. tataricum
(c) E. oxyrrhynchum, (d) T. arcuata, (e) A. songarica. Different
lowercase letters marked on the fold-line indicate significant
differences of colonization among different times at P<0.05.

Vol. 4

nization and spore density associated with I. tataricum
and G. sacculifera were much higher than these with
E. oxyrrhynchum and T. arcuata. This might be related to the characteristic of ephemeral plant roots.
Most ephemeral perennial plants have fibrous root
systems which are very thin and can be colonized easily by AM fungi, while ephemeral annual plants have
taproot systems with less effective colonization by
AM fungi.
Many studies found that host plant phenology can
affect mycorrhizal colonization, but Rasmussen and
Whigham (2002) found that the phenology of mycotrophic roots and patterns of mycorrhizal infection
were not related to the leafy season. Our results
showed that the mycorrhizal colonization, especially
that with ephemeral annual plants, was influenced by
phenological phase of ephemeral annual plants. The
degrees of colonization were consistent with plant
phenology. The maximum frequency of mycorrhizal
colonization and infection occurred at flowering periods, and then declined (Fig. 2c and 2d). These suggested that the host plant could supply much carbohydrate to the AM fungi and improve the growth of AM
fungi at flowering times. These results were consistent
with former studies that indicated more carbohydrate
is allocated to the symbiont during the reproductive
stages of plants (Grigera et al., 2007). As to ephemeral
perennial plants, the infection intensity and vesicle
abundance did not reach highest at flowering periods
and appeared maxima after the aboveground parts
finished their life cycles (Fig. 2a, 2b). This result
might indicate that the belowground parts of perennial
plants can also supply carbohydrate to benefit the
growth of AM fungi in root systems after aboveground parts complete their lives.
It is well known that the development of AM fungi
needs adequate time for energy accumulation for
spore production. Many studies reported that it takes
about 100–120 days from the spore germination to
new mature spores production (Smith and Read, 2008).
But here, the life span of ephemerals was only about 2
months in Gurbantunggut Desert (Wang, 1993). Our
results found that the AM fungi spore density increased with the growth of annual ephemeral plants
and stopped increasing after the annual ephemeral
plants finished their lives, which might show that a
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Correlation between soil factors and AM fungi spore density and shoot biomass of ephemerals

Correlations
Atmosphere temperature
Soil temperature
Soil moisture

Atmosphere

Soil

Soil

AM fungi

AM fungi

Shoot biomass

Shoot biomass

temperature

temperature

moisture

spore density in

spore density

of ephemeral

of ephemeral

1
0.947**
−0.415

*

1
−0.396*

1

AM fungi spore density in
ephemeral perennial plants

0.203

0.296

0.071

1

AM fungi spore density in
ephemeral annual plants

0.048

0.162

0.267

0.602

1

Shoot biomass of ephemeral
perennial plants

0.262

0.383

−0.265

0.071

0.543

1

Shoot biomass of Ephemeral
annual plants

−0.509*

0.650**

−0.375

−0.042

0.317

0.372

1

Note: *and** indicate that correlations are significant at the 0.05 and 0.01 level, respectively.

life cycle of AM fungi spore has completed. Whereas,
when the aboveground parts of perennial plants died,
the belowground parts were still alive or entered dormancy period. At this point the mycelium network can
transfer nutrients from dead roots to living plants
(Jakobsen, 2004; Mikkelsen et al., 2008). We indeed
found after the aboveground parts died the AM fungi
spore density maintained a high level. The results
suggest that the living root system can continue to
supply carbohydrate to AM fungi. Although there are
many ephemeral annual plants in Gurbantunggut Desert, some perennial plants and herbs are present. Besides, although there were no significant differences in
AM fungi diversity and species richness during growing season in Gurbantunggut Desert (Shi, 2006), the
shifts of AM fungi species might be present. But the
possibility of these shifts can not be determined in our
present study; further work is then needed to identify
the AM fungi community composition in root system
and rhizosphere soil by using molecular methods.
AM fungi can improve soil condition which contributes to plant growth. Soil factors also influence
AM fungi diversity and development. Many studies

have found that soil water and temperature can affect
the mycorrhizae colonization, mycorrhizal production,
and AM fungi community composition (Feil et al.,
1988; Auge, 2001; Lekberg and Koide, 2008; Yamato,
2009). We did not find a significant correlation between soil temperature and water content and AM
fungi spores density in rhizosphere soil (Table 3).
Likely soil factors have indirect effects on AM fungi
by influencing the growth of host plant.

4 Conclusion
We conclude that AM fungi have adapted to both environmental factors and plant species in arid lands.
Plant species composition and phenology are especially critical in regulating mycorrhizal colonization
and the phenology of AM fungi in root systems. Soil
factors might affect AM fungi by influencing the
growth of host ephemeral plants.
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